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Abstract. We present the results of a 47-ks Chandra- ACIS observation of the old open cluster M 67. We detected 
25 proper-motion cluster members (including ten new sources) and 12 sources (all new) that we suspect to be 
members from their locations close to the main sequence (1<B-V<1.7). Of the detected members, 23 are binaries. 
Among the new sources that are members and probable members are four spectroscopic binaries with P or b<12 d, 
two contact binaries and two periodic photometric variables with P p h<8.4 d. Their X-rays are likely the result of 
coronal activity enhanced by tidally locked rapid rotation. The X-rays of the new source S 997, a blue straggler in 
a wide eccentric orbit, are puzzling. Spectral fits show that the X-rays of the brightest sources S 1063 (a binary 
with a sub-subgiant), S 1082 (a triple blue straggler with a close binary) and S 1040 (a circular binary of a giant 
and a cool white dwarf), are consistent with coronal emission. We detected a new bright source that must have 
brightened at least about ten times since the time of the ROSAT observations. It is not clear whether its faint 
blue optical counterpart belongs to M 67. We discuss the possibility that this source is a low-mass X-ray binary 
in quiescence, which would be the first of its kind in an open cluster. In addition to cluster members, we detected 
about 100 background sources, many of which we identify with faint objects in the ESO Imaging Survey. 
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1. Introduction 

The X-rays of late-type stars are believed to result from 
a magnetic dynamo driven by convection and rotation. 
As single stars spin down as they age, their X-ray emis- 
sion is expected to decrease accordingly. Observations of 
young (<600 Myr) open clusters indeed show a declin e 
of the average X-ray luminosity with age llRandicblll997lh 
Consequently, X-ray observations of old (>1 Gyr) open 
clusters are especially suited to look for special stars 
among the cluster members, and above all to look for 
interacting binaries. The efficiency to detect binaries in 
old open clusters with X-ray observations is illustrated by 
the results of ROSAT observa tions of IC4651, NGC 6940 
NGC 752. M 67 and NGC 188 feelloni fc Tagliaferrilll997l 
119981 iBelloni fc Verbuntlll996t iBelloni et alJll993l Il998lh 
In these clusters, more than half of the X-ray sources with 
a cluster member as optical counterpart, are identified 
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with a binary of some sort. Mainly they are active bi- 
naries in which tidal interaction forces the stars into rota- 
tion that is synchronized to the orbit, thereby maintaining 
rapid rotation even at high ages. Typical X-ray luminosi- 
ties of late-type active binaries in the ROSAT 0.1-2.4 keV 
band are 10 28 -10 32 erg s , where the lowest luminosi- 
ties are in general found for active main-sequence stars 
(BYDra systems) and the highest for active giants an d 
subgiants (RS CVn binaries: iDempsev et alJll993alll997|) . 
In this paper, we refer to both types as RS CVn systems. 
The probability to detect the brightest systems in young 
clusters - with higher main-sequence turnoff masses - is 
smaller as more massive (sub)giants evolve more rapidly. 
Among the counterparts in old open clusters are also bi- 
nary blue stragglers and a single, rapidly rotating FK Com 
giant (believed to be the product of a merged binary). 
Until now, ROSAT also detected one cataclysmic variable 
(discovered in the optical) and one hot white dwarf, but 
due to their optical faintness and the magnitude limits of 
optical studies, such sources are much more difficult to 
identify. 

Thus, in principle, observing old open clusters in X- 
rays is a way to study the properties of their binary pop- 
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illations, characterized by the clusters' properties like age 
and richness. Reversely, the number and properties of the 
binaries in a clust er are important for the dynamical evolu- 
tion of a cluster ijHut et al.lll992() . X-ray observations can 
be useful to point out close-binary candidates among stars 
that are difficult to include in systematic radial-velocity 
searches for binaries, for example among stars on the faint 
part of the main sequence. 

In practice, the number of old open clusters that is 
not too distant or too reddened to be observed in X- 
rays, and for which the necessary information exists to 
complement the X-ray data (like proper-motion, radial- 
velocity and photometric data), is rather limited. One of 
the few suitable clusters for an X-ray study is M67, a 4 
Gyr-old cluster that has been investigated in detail in the 
optical. M 67 is a rich cluster, is relatively nearby (~820 
pc) and nearly unreddene d (E(B — V) = 0.04(2 )), with a 
metallicity close to solar l|Saraiedini et alj fl~999) . Proper- 
motion studie s to esta blish clus ter membersh i p have been 
done by e . g. ISanderd l|l977|) . IGirard et all l|l989tl and 



1 (0.1-2.4 keV), which corresponds to 
erg s _1 at a distance of 820 pc. Here, 



IZhao et all 1 19931): in this p a per w e use membership in- 
formation from IGirard et al. (1989) that reaches down to 
V » 16. ROSAT-PSPC obse rvations of M 67 are presented 
bv lBelloni etall l)l993lll998|) . The faintest source detected 
in the combined ROSAT images has an X-ray flux of about 
9 10~ 15 erg cm~ 2 s 
a luminosity of 7 10 29 
we present the results of a recent Chandra observation of 
M 67 with a limiting flux about 40 times lower. With the 
increased sensitivity of this observation compared to those 
of the ROSAT observations, we can detect fainter sources, 
but single cluster stars remain out of reach. Moreover, 
Chandra's subarcsecond positional accuracy avoids confu- 
sion when looking for optical counterparts in the crowded 
field of the cluster. We describe the data reduction and 
source detection in Sect.|21 the crossidentification with op- 
tical and ROSAT sources in Sect. El and the spectral and 
variability analyses in Sect.|H Sect. discusses individual 
systems in more detail. 



2. Observation and data reduction 

2.1. Observation 

The central field of M 67 was observed from May 31, 11:19 
to June 1, 00:47 2001 UTC for 46.8 ks in timed exposure 
mode using faint telemetry format (Obsld 1873) with the 
Chandra Advanced CCD Imaging Spectrometer (ACIS, 
see The Chandra Proposers ' Observatory Guide for the in- 
strument description) . The integration time of individual 
frames was 3.2 s. Each ACIS detector has a field of view 
of 8.'4 x 8.'4, while one pixel projects to ~0'.'492 x 0'/492 
on the sky. The telescope aimpoint was at a = 8:51:23.1, 
S = 11:49:32.7 (J 2000) on CCD 13, such that the four 
ACIS-I detectors covered the cluster centre; two additional 
ACIS-S CCDs (S 2 and S 3) imaged part of the eastern re- 
gions of the cluster. See Fig.^for the configuration of the 




Fig. 1. A 45' x 45' Digitized Sky Survey image of M67 
that shows the configuration of the six ACIS detectors 
exposed in the observation. CCD numbers are indicated 
in the corners. The ACIS-aimpoint was at a = 8:51:23.1, 
6 = 11:49:32.7 ( J2000), marked with a cross on 13. Each 
CCD has a field of view of 8'A x 8.'4. The positions of the 
inner ring of the PSPC window support structure in the 
first and second ROSAT observation are also indicated. 
North is up, east to the left. 



detectors on the sky. The field covered by ACIS is fully 
included in both ROSAT-PSPC images of the cluster. 



2.2. Data reduction 

Data reduction was done with the routines of the CI AO 2.2 
software package following the threads on the CIAO web- 
pages 1 . First, the level-1 events file was processed with the 
task acisjprocess-events to make the following corrections: 
application of a new calibration file (geom . par, released in 
version 2.9 of the Calibration Database); removal of pixel 
randomization to improve the point spread function (ran- 
domly spreading event-positions within one pixel is part 
of standard data processing and is done to remove artifi- 
cial patterns caused by the satellite dither; in the image 
of M 67, the pattern is blurred automatically because the 
exposure time spans many dither-cycles) and application 
of Pulse Height Amplitude randomization (blurring of the 
energy values assigned to events to avoid that a source's 
spectrum shows discrete peaks). We refer to the CIAO 
threads for a more detailed description of these steps. A 
level-2 events file was then generated in which only events 
with grades 0, 2, 3, 4 and 6, and a status of are preserved; 
"flaring pixels" , contaminated by cosmic-ray events, are 
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filtered out in this step. An additional filter is applied 
that only preserves data taken during good time inter- 
vals. Finally, a correction is applied to the aspect solution 
provided by the standard data processing. 

Three images were created by splitting the observation 
in a soft (0.3-2 keV), hard (2-7 keV) and total (0.3-7 
keV) energy band. The images were cleaned to remove 
time intervals with background countrates that deviate 
more than ±3 a from the mean value. As the CCDs have 
different characteristics, the cleaning was done for each 
chip separately. This leads to a reduction of the exposure 
time of < 2.5 %. Next, an exposure map was computed for 
each CCD in each energy band that represents the effec- 
tive exposure of each position on the detector by taking 
into account spatial variations of the instrument's effective 
area and the dither motion of the telescope. 

2.3. Source detection 

We used the wavdetect routine to detect sources in the 
unbinned images. For ACIS-I, the detection was done on 
scales (wavelet radii) ranging from 1 to 11.3 pixels, where 
scales are increased by factors of y/2. For ACIS-S, that 
lies further from the aimpoint resulting in a larger point 
spread function, we used scales from 8 to 45.3 pixels. A 
small part of S 2 is excluded from the detection as, judging 
from the prominent square pattern, it appears to contain 
a bad pixel. The significance threshold for detection was 
set to a 10 ~ 6 probability per pixel for a spurious detec- 
tion, corresponding to ~1 false detection per ACIS CCD 
of 1024 x 1024 pixels 2 . For some sources, wavdetect finds 
a very low number of background-corrected counts (2±1); 
we do not reject these sources as wavdetect is primarily de- 
signed for source detection and i s known to underesti mate 
the source counts in some cases l|Freeman et al.lEo 02T). We 
computed vignetting-corrected countrates by normalizing 
a source's exposure to the exposure near the aimpoint. 

The resulting source lists of the different energy bands 
were crosscorrelated by sky coordinates to create one mas- 
ter list, in which sources are indicated with the prefix 'CX'. 
We adopt an error on the position that is the quadratic 
sum of the 1-a wavdetect errors, and a contribution that 
depends on the number of detected counts (following infor- 
mation on the Chandra webpages, we add 0'.'5 for sources 
with 20 counts or less, and 0'.'2 for sources with 100 counts 
or less and more than 20 counts). Sources are considered 
to be a matching pair when their positions agree within 
these errors. A first crosscorrelation results in a total of 
193 sources. However, after inspecting this list, we find 
that several sources are separated by only 0'.'05-3'.'l. When 
increasing the wavdetect errors to 2 a and 3 tr, and repeat- 
ing the crosscorrelation, we find 20 and 8 extra matches 
with respect to the 1 a and 2 a cases, respectively. There 
remain two cases on ACIS-I in which sources lie close to- 
gether and that we will treat as matches: a hard-band 
source with 12 counts that lies 0'.'9 from a total/soft-band 
pair (our final source CX 10), and a soft-band source with 



4 counts that lies l'/4 from a total-band source (our final 
source CX114). We note that CX10 and CX114 could 
also be blends of two different sources. There are five cases 
on ACIS-S, more than ^12' from the aimpoint, for which 
two sources of different energy bands are too far apart 
to be a match, but whose source regions (i.e. the region 
with three times the size of the standard deviation of the 
spatial distribution of source counts) for the most part 
overlap. As their separations are small relative to the sizes 
of the source regions, and as the uncertainty in Chandra 
positions may be underestimated for large off-axis angles, 
we still consider these detections as corresponding to the 
same X-ray source (CX18, CX34, CX35, CX44, CX54). 
Our final master list contains 158 sources. Tablen]lists the 
properties of the sources, sorted on number of counts in 
the total band as derived by wavdetect. In the following, 
we use positions derived from the total-band image. 

We now add some notes on individual sources. The 
source region of CX54 includes the bad region on CCD 

5 2 that was excluded from the detection. We have not 
removed this source from our list, as a ROSAT source 
lies in the source region of the Chandra source. We stress 
that the properties of CX 54 are likely not well represented 
by the numbers given in Table ^ The source regions of 
CX32 (detected in all three bands) and CX45 (detected 
in soft and total band) overlap; possibly wavdetect sepa- 
rated what looks like the extended emission of the same 
source (the optical counterpart is an active galaxy, see 
Sect. 13.1(1 in two. Also the source regions of CX 71 (de- 
tected in total and soft band) and CX 149 (detected in 
hard band only) overlap; for this pair we only know that 
the optical counterpart is faint and blue (see Sect. I3.l|l . 

To get an idea about the spurious detections in our 
list, we repeated the detection with the threshold set to a 
10 -7 probability per pixel for a spurious detection. The 26 
sources that are not detected in this run of wavdetect but 
that are found with the threshold set to 10 -6 , are marked 
with an asterisk (*) in Tabled 

3. Crossidentification with optical and ROSAT 
sources 

3.1. Optical identification 

To look for optical counterparts of the Chandra sources, 
we crosscorrelated our source list against several optical 
catalogues. Our main reference for objects with 11 < V < 
23 is the catalogue from the ESO Imaging Survey (EIS, 
Momany et al. 2001). Before crosscorrelating the X-ray 
and optical lists, we had to correct for any systematic off- 
set between the X-ray and the optical positions, which we 
have done iteratively. We started by overplotting the X- 
ray sources on the EIS image and thus identified by eye 
optical counterparts for the brightest sources. From the 
positions of twelve stars that were already considered to be 
X-ray sources from ROSAT and optical follow-up observa- 
tions, we computed median offsets for right ascension and 
declination. After correcting the X-ray positions for these 
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Table 1. X-ray sources in the field of M67 detected by Chandra. For each source we list the Chandra number, 
the distance from the aimpoint, the celestial position (J 2000) derived from the image in the total energy band, the 
number of background-corrected counts in the total energy band derived by wavdetect, the net countrate (i.e. corrected 
for background counts and for vignetting) in the total band, the energy band B in which the detection has the highest 
significance (S=0.3— 2 keV, H=2— 7 k eV, T=0.3— 7 keV), and the hardness ratio HR (if ohr < 0.4). If appropriate, we 
also give the ROSAT counterpart 'X' ijBelloni et al.lfl998j) . the optical counterpart 'opt', and the distance dxo between 
the Chandra a nd the optical sou rce. The name of the optical c ounterpart is sele cted from (in order of preference) : 
ISanderd l|l977t) (S), the EIS list of lMomanv et all l)200ll) (E), and lFan et all (|l996j) (F). Sources that are identified by 
eye with objects listed in neither catalogue are labelled with 'faint' (see Table 0J. Only the first lines are shown here 
to demonstrate the table format. The full table is available only in the electronic version of the paper. 
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* Source is detected with the significance threshold set to 10 6 but not with the threshold set to 10 



** All positions are corrected for a systematic offset with respect to the EIS optical positions which is Act = ax — a op t = — 0'.'23 
and AS = 8x — S op t = — 0'.'20. The errors on the positions that we give here are the 1-a wavdetect errors including the corrections 
for small counts numbers. They are often much smaller than the uncertainty in the absolute positions, i.e. than the uncertainty 
in the offset values (~0'.'3). 



offsets, we correlated the X-ray and optical lists. When an 
X-ray and optical position match within the errors, the 
optical source is accepted as a counterpart. For the X-ray 
sources, we adopted the same errors (with the 1-a wavde- 
tect contributions) used to correlate the source lists of the 
three energy bands. We used the maximu m internal er- 
ror on the EIS position (~1", see Fig. 3 of lMomanv et alJ 
ll200lln as the error on the optical positions. With the 
new, larger set of counterparts, we calculated a new offset 
between the X-ray and optical positions and again cor- 
related the lists after applying the updated correction. 
This was repeated until no new counterparts are found. 
In this way, we have found 56 EIS optical counterparts. 
The positions in Tableware corrected for the final offsets: 
a x - a opt = -0'.'23±0'.'35 and 5 X - S opt = -0'.'20±0'.'33. 
The precision of the X-ray positions is limited by the un- 
certainty in these offsets. For ACIS-S sources, we possibly 
underestimated the positional errors, and therefore we re- 
peated the crosscorrelation using 1-a and 3-ct wavdetect er- 
rors. Since in five cases we associated soft- and total-band 
sources with a relatively large separation (see Sect, I2.3)l . 
the crosscorrelation was done for each energy band sepa- 
rately in order not to miss possible counterparts. We found 
four (three) extra counterparts with 1-a (3-er) errors. To 
look for extra counterparts, e.g. stars that are too bright 
to be included in the EIS li st, we repeated th e abov e 
steps with the cat alogu es of Montgomery et, al 
iGirard et ail l|l989|) . and lFan et alJ l|l996|) . We thus found 
five more counterparts. For each identification, the dis- 
tance between the X-ray source and optical counterpart is 
given in Tabled m which the notes indicate whether the 
counterpart was found using larger errors or the additional 
catalogues. Tables|21and[3summarize the properties of the 
counterparts, while Fig.|2]shows their positions in the M 67 



colour-magnitude diagram. We use th e photometry from 
EIS fo r stars with V > 14 and from iMontgomerv et all 
l|l993|) for the remaining stars, as the EIS magnitudes of 
bright stars can be affected by saturation effects. 

All identifications were checked by eye. The errors on 
the X-ray positions are so small that we either find zero 
or one possible counterpart. A known QSO lies between 
CX32 and CX45, where their source regions overlap (see 
Sect. 12.3( 1: we tentatively associate this QSO with both 
X-ray sources. Similarly, we tentatively match the faint 
blue counterpart of CX 71 with the nearby source CX 149 
(see Sect. 12. 31 ) We indicated eight more optical sources as 
possible counterparts for X-ray sources on ACIS-I; they lie 
outside the errorboxes, but inside the X-ray source regions 
and only l"-4" from the X-ray sources. Possible counter- 
parts are indicated in italics in Tables [2] and [3] Finally, 
we found fifteen possible counterparts by examining the 
EIS F-image to look for faint optical sources that are not 
included in either catalogue. Their estimated positions are 
given in Table 

3.2. Identification with ROSAT sources 

Of th e 59 ROSAT sources detected by iBelloni et aTl 
<|199S|) . 24 lie outside the ACIS field of view. In what fol- 
lows, we indicate ROSAT sources with an 'X'. Of the 35 
sources in the ACIS field, 26 have one Chandra counter- 
part in or just outside (< 0'.'3) their 90% error circles, while 
for five we find two counterparts: X38 (CX48, CX89), 
X39 (CX32, CX45), X46 (CX111, CX112), X53 (CX36, 
CX 120; both near the border of the error circle), and X41 
(CX88, and CX104 just outside the error circle). Three 
possible identifications are X56/CX54, X14/CX13 and 
X 15/CX4 for which the Chandra sources lie 2-4" outside 
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Table 2. Properties of optical counterparts with proper- 
motion probabilities for membership p>80 % (top) and 
p < 80 % (bottom) . The first columns list the Chandra 
source (CX) and, if appropriate, the corresponding 
ROSAT source (X ). Optica l sour ces are identified with 
their number from ISanderd l)l977|) : an 'S' indicates that 
the present counterpart is selected from several ROSAT 
candidate counterparts. The next columns give V, B — V, 
the unabsorbed X-ray luminosity Lx in the 0.3-7 keV 
band (in erg s _1 ) (p for probable non-members), the or- 
bital period P or b (in days; 'var' denotes a radial-velocity 
variable) and eccentricity e. References for information on 
binarity (see notes), and remarks are given in the last col- 
umn (SG=sub-subgiant, BS=blue straggler, YS=yellow 
straggler, WU=contact binary of WUMa type, bin=star 
lies on binary sequence). Identifications that are uncertain 
because of relatively large offsets between X-ray and op- 
tical positions are printed in italics; see the discussion in 
Sect. 13.11 The conversion of counts to flux is discussed in 
Sect. El 



Fig. 2. Colour-magnitude diagram of M67 that shows 
the optical counterparts of the Chandra sources listed in 
Tables and [3] The meaning of the symbols is included 
in the figure, where p is the proper-motion probability for 
cluster membership, and CV is the cataclysmic variable 
EU Cnc. Sources without proper motion information are 
divided into sources near (squares) and to the blue of (cir- 
cles) the main sequence. 

the ROSAT error circles. These (tentative) crossidentifi- 
cations are included in Tables The closest Chandra 
source to the remaining ROSAT source X54 is CX56, at 
a distance of 25'.'9 or 2.5 times the ROSAT error radius; 
we do not consider it a counterpart. 

As Chandra's spatial resolution is many times bet- 
ter than ROSAT's, w e can check i f the optical identi- 
fications suggested by iBelloni et alJ l|l998|) still hold. In 
four cases we find a new counterpart (the deep EIS list 
was only recently published), in four cases we can distin- 
guish between several suggested counterparts, and in five 
cases we find a different counterpart (see Tables HJ^J . We 
exclu de the identificatio n of C X11/X51 with star 6441 
from iMontgomerv et all l|l993h and of CX44/X58 with 
the probable non-member S 1414; we find no alternative 
counterparts. The number of corrected ROSAT identifica- 
tions is in agre ement with the estim ated number of chance 
coincidences in lBelloni et a l. (1998). 



3.3. Spurious identifications 

We now estimate the probability that an X-ray source and 
an optical ElS-source are crossidcntificd by chance. This 
probability depends on the area (error box) around the X- 
ray source within which we search for counterparts, and on 
the surface density of optical sources. Since both the aver- 
age errors on the X-ray positions (5) and the stellar surface 
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1.6 10 29 








95 




997 


12.13 


0.46 


1.2 10 29 


4913 


0.34 


7,BS 


104 


41 


1050 


14.41 


0.61 


1.1 10 29 


var 




3 


111 


46 


1024 S 


12.72 


0.55 


8.0 10 28 


7.16 





4 


155 




1272 


12.51 


0.60 


4.2 10 28 


11.02 


0.26 


4 


157 




986 


12.73 


0.55 


2.2 10 28 


10.34 





4 


7 


47 


1601 


14.44 


0.80 


0.48 








15 


17 


972 


15.49 


0.84 


0.27 


1.17 





3 


17 


42 


1042 


15.68 


0.86 


0. 








68 


44 


2214 S 


14.82 


0.72 


0. 








109 




1466 


10.60 


0.34 


0.21 








118 




1013 


11.55 


0.41 


0. 









a P rb refers to the inner orbit of a (possible) triple system. 
l=Mathieu et al. (2003), 2=Goranskij et al. (1992), 3=pre- 
liminary solution (D. Latham, priv. comm.), 4=Mathieu et al. 
(1990), 5=Kurochkin (1960), 6=Latham et al. (1992), 7= 
Latham & Milone (1996), 8=Gilliland et al. (1991), 9=Stassun 
et al. (2002) 
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Table 3. Properties of optical counterparts without 
proper-motion information. The top part refers to sources 
near the main sequence, the lower part to the remaining 
sources. The first two columns list the Chandra source 
(CX) and, if appropriate, the corresponding ROSAT 
source (X). Optical sources are indicated with their EIS 
numbers; we indicate whether the identification is new 
(N), or is a correction of a ROSAT identification (C). 
References (see Table EJ, and remarks are given in the 
last column (CV=cataclysmic variable, WU=contact bi- 
nary of WUMa type, bin=star on binary sequence, P p h 
= photometric p erio d; 'F' and 'LB' refer to sources from 
iFan et alJ l)l996|) and lLuvtenl l) 1963111961^ . Identifications 
that are uncertain because of relatively large offsets be- 
tween X-ray and optical positions are printed in italics; 
see the discussion in Sect. 13.11 Uncertain identifications 
with ROSAT sources are marked with a '?'; see Sect. 13.21 



Table 3. continued 



CX 


X 


E 


V 


B-V 


remarks 


54 


56? 


207 


16.85 


1.81 


near bad CCD-region 


58 




763 


15.90 


1.04 


9, P ph =3.58 d; bin. 


61 




742 


15.90 


1.07 


8, P ph =0.27 d; WU 


62 




683 


18. 44 


1.64 




73 




2650 


21.18 


1.63 




76 




1720 


17.72 


1.36 


9, phot, variable, bin. 


77 




394 


19.38 


1.65 


bin. 


80 




2228 


17.23 


1.12 




82 




1208 


18.56 


1.53 




117 




542 


20.13 


1.68 




129 




556 


17.79 


1.50 




141 




- 


19.85 


1.58 


8, P ph =8.4 d; F3925 


153 




1178 


18.43 


1.55 


bin. 


2 




510 


20.88 


0.15 




12 




2024 


22.50 


0.12 




13 


14? 


2153 C 


21.21 


0.36 


LB 6322 


14 


34 


2823 C 


21.99 


0.81 




20 


43 


2757 C 


20.98 


-0.055 


LB 6378, QSO 


21 


49 


2183 C 


21.86 


0.27 




22 




2756 


22.12 


1.20 




26 


55 


2018 N 


21.52 


0.15 




28 




2297 


22.37 


1.21 




30 




210 


20.05 


0.54 




31 


48 


2190 N 


22.38 


0.34 




32/45 


39 


1268 


20.07 


0.23 


LB 3597, QSO 


33 




600 


20.74 


0.18 


LB 6374 


34 




2722 


22.08 


0.099 




35 




1929 


21.92 


0.85 




37 




3674 


22.83 






50 




1939 


21.14 


0.36 




53 


24 


362 C 


20.27 


0.35 


LB 6316 


55 




2684 


21.55 


0.21 


LB 6364 


56 




2050 


22.14 


0.021 




57 


16 


2164 


21.75 


0.16 


8, P ph =2.1 h; CV 


64 




2306 


21.45 


0.33 




65 




2307 


22.60 


0.82 




70 




2208 


22.79 


0.034 




71 




2807 


21.42 


0.58 


see also CX 149 


79 




2310 


21.82 


0.22 




86 




2135 


21.99 


0.24 




89 


38 


2270 


21.91 


0.51 




100 




3668 


22.81 






127 




3701 


21.71 







CX X 


E 


V 


B-V 


remarks 


139 




19.33" 




F4345 


149 


2807 


21.42 


0.58 


see also CX 71 


152 




18. 45 


1.02 


F2776, LB 3596; QSO 


158 


3534 


20.09 







"magnitude at 6075 A. 

density vary with distance from the aimpoint at the clus- 
ter centre, we make an estimate for ACIS-I (5=0'.' 44) and 
ACIS-S {8=1'! 1) separately. We use a box with sides equal 
to twice the quadratic sum of 8 and the error on the opti- 
cal positions (1"), to compute the search area around an 
X-ray source. The number of ElS-sources inside ACIS-I 
and ACIS-S is 1264 and 472 2 , respectively. Therefore, the 
probability that a randomly placed box includes an EIS- 
sourceis (2 x l'.'l) 2 x (1264/(4- (8.4-60") 2 )) = 6.0-lCT 3 for 
ACIS-I, and (2 x 1'.'5) 2 x (472/(2 ■ (8.4 • 60") 2 )) =8.4-lCT 3 
for ACIS-S. We detected 140 X-ray sources on ACIS- 
I; thus we compute that for 140 trials, the probability 
to identify an X-ray source with 0, 1 or 2 ElS-sources 
by chance is 43, 36 and 15%, respectively. The corre- 
sponding numbers for ACIS-S (18 sources) are 86, 13 
and 0.9%. In a similar way, we compute the probabil- 
ity for spurious identifications with proper-motion clus- 
ter members, and with proper-motion members that are 
known binaries. On ACIS-I, 230 stars have a member- 
ship probability y > 80%, while t here are 48 clus- 
ter bi n aries (see |Lat,ham et alJ lll992Fl , lLatham fc Miloriel 
lll996l). Ivan den Berg et al.l l)200l|),"four contact b inarie s 
from iGilliland et all l)l99l|) and IStassun et all (|2002|L 
and seven binaries with unpublished orbits (D. Latham, 
priv. comm.)). On ACIS-S, there are 14 stars with p > 
80 %, while there are no known binaries. The results are 
summarized in Table |3J From these numbers we conclude 
that probably all identifications with cluster binaries (see 
Table 0) are correct. 

We also estimate the probability for a chance identifi- 
cation of a Chandra source with a ROSAT source. Using 
the average 90 % error radius of the ROSAT sources inside 
ACIS (11'.'6), we find that for one trial this probability is 
1.2 10" 2 and 5.0 10~ 3 on ACIS-I and ACIS-S, respectively. 
The probabilities for one or two chance superpositions on 
ACIS-I are relatively large (Table [SJ) , so some of our 34 
identifications are likely to be false. 

4. Analyses 

4.1. Spectral fits 

To obtain more information about the nature of the X- 
rays, we have fitted the spectra of the ten brightest sources 



2 Although the field where Chandra detected sources is con- 
tained within the EIS image, the S 2 and S 3 CCDs are not 
fully covered by the EIS image. Therefore, the number of 472 
that we use here, is twice the number of optical sources within 
S 2, for which only ~0.5' 2 are outside the EIS field of view. 



(continued on the right) 
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Table 5. Probabilities for 0, 1 and 2 spurious crossidenti- 
fications of Chandra sources with sources in the EIS cata- 
logue, with stars that have a probability for cluster mem- 
bership p > 80%, with binaries with p > 80% (no such 
binary inside ACIS-S), and with ROSAT sources. 





ACIS-I 




ACIS-S 






1 


2 


1 


2 


EIS 


0.43 0.36 


0.15 


0.86 0.13 


9.4 10 -3 


members 


0.86 0.13 


0.010 


0.996 4.4 10" 3 


9.4 10" 6 


binaries 


0.97 0.031 


4.9 10 -4 






ROSAT 


0.17 0.30 


0.27 


0.91 0.082 


3.5 10~ 3 



with more than 250 counts in the total energy band. We 
used the CIAO script psextract to create spectra from 
the level-2 events files, and to construct instrument re- 
sponse files. Data are grouped in bins containing at least 
25 counts. The auxiliary response files are corrected for the 
continuous degradation since launch of the ACIS quantum 
efficiency at mai nly low energies. This is d one with the 
acisabs- model bv lChartas &: Getmanl l|2002r) for the time- 
dependent absorption due to molecular contaminants on 
ACIS. The spectral fitting is done with Sherpa, CI AO's 
package for modeling and fitting data. Except for CX7 
on S 3 (a back-side illuminated CCD with a higher back- 
ground countrate than the front-illuminated CCDs), the 
contribution from the background was ignored. Energies 
below 0.35 keV were excluded from the fits because of the 
large uncertainty in the ACIS gain at these energies. 

4.1.1. Late-type stars 

The counterparts of CXI, CX3, CX5, CX6, CX7, CX9 
and CX 10 are late- type stars. All are cluster members and 
binaries, except CX7 (S 1601) t hat has not been iny esti- 
gated for binarity and to which ICirard et alJ l|l989l) as- 
signed a low probability for cluster membership (y = 48 %, 
see Table |2J), although we note that ISanderd l|l977j) found 
p = 91 % for this star. We fitted the spectra of these 
sources with the xsmekal-model for e mission by an opt i- 
cally thin gas in collisional equilibrium ijMewe et al.ll9 95). 
often used for the c oronal X-ray emission of active late- 
type stars (see e.g. lDempsev et ail Il993b|h We use the 
:rsi/;a&s-modcl for photo-electric absorption to take into 
account extinction by neutral hydrogen. The reddening 
of M 67 (E(B - V) = 0.04) is converted into a neutral 
hydrogen column density A% = 2.2 10 20 cm~ 2 following 
IPredehl fc Schmittl 1^)95); ATjj is kept fixed in the fitting. 
For CX7, the possible non-member, this Nh is an upper 
limit. The total galactic extinction in the direction of M 67 
is equal to the extinction of M67; therefore, only when 
CX 7 is a foreground star, it can have an Ah that is differ- 
ent (viz. lower) than the one adopted. For all sources, fits 
with one-temperature (IT) solar-abundance models gave 
results with the reduced chi-square xt > 2- For the bright- 
est sources CX 1 and CX 3, we tried to fit two-temperature 
(2T) models with solar abundance, and IT models with 



variable abundance. While the former give acceptable fits 
(xt < 1.4) with a significant (>99%) improvement rela- 
tive to the IT solar-abundance models, the latter do not 
(xl > 1-8). For consistency with the brighter sources, we 
also fitted the fainter sources with 2T solar-abundance 
models. Table El summarizes the results; for CX7 the fit 
for A% = is also included. The last-but-one column of 
the table gives a countrate-to-flux conversion factor CF 
that illustrates the intrinsic differences between the spec- 
tral models; it is computed by dividing the unabsorbed 
flux by the countrate (see Tabled). The top frame of Fig.|21 
shows the best fit to CX 1. 

We add a few remarks on the spectrum of CX 1 which 
is the binary S 1063 with an anomalous position in the 
M67 colour- magnitude diagram, ~ 1 mag below the giant 
branch (see iMathieu et al.l l|2003h for a detailed discus- 
sion). Mathieu et al. note that the colours of CX 1/S 1063 
suggest that its reddening is about 5 times higher than 
the total reddening in the direction of M 67, in other words 
Ah ~ 1 10 21 cm -2 . We have looked for indications for such 
enhanced, intrinsic reddening in the spectrum of CX 1 by 
doing a fit in which the value of A% is allowed to float. 
We find that our data cannot sufficiently constrain Ah 
(Ah = 5^5 10 20 cm -2 ; see Table for the complete re- 
sults) to draw any conclusions. As the countrate of CXI 
is variable (see Sect. 14.31 and Fig. EJ), we also investigate 
the possibility of spectral changes by simultaneously fit- 
ting the spectra of the first nine and the last four hours. 
Fits for which the temperatures are fixed but for which 
A^h can vary between the start and end of the observa- 
tion, give bad results (xt = 3.2, 24 degrees of freedom 
(d.o.f)). Fits for which Nh is fixed to the M67 value but 
for which kT 2 can vary, give better results (x 2 = 1.25, 
24 d.o.f.; m = 0.731"°;°! ke V, kT 2:Stalt = 2.5±°j keV, 
fc?2,cnd = 4.9^09 keV). In the remainder we use the re- 
sults of the 2T fit of the single spectrum, with A% fixed 
to the value of M 67. 

4.1.2. CX2, CX4 and CX8 

For CX2, we only know that the optical counterpart is 
faint and blue. For CX4 and CX8 we found faint opti- 
cal sources near the X-ray positions in the EIS image. We 
tried to fit the spectra of these sources with a power-law, a 
blackbody, and a lT-MeKaL model, all multiplied with a 
variable Afe. The power-law and IT models gave the best 
results, but the temperatures in the latter models are not 
well constrained and are higher than expected for stellar 
coronal sources. The spectra of CX2 and CX4 show ex- 
cess soft counts with respect to the fits, which could be 
modeled by adding a blackbody to the power-law and IT 
components, or (for CX2) by fitting a 2T model. An F- 
test indicates that the improvements with respect to the 
single-component models are more than 99 % significant 
for CX2, and ~97% significant for CX4. The normaliza- 
tions of the blackbody-components for CX 4 are very un- 
certain. See TableElfor a summary of the best fits, and the 
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Table 6. Results of spectral fits for the late- type stars (top) and the remaining sources (bottom). For each source, 
we give the best-fitting model (IT and 2T for one- and two-temperature MeKaL models; P for a power law; B for a 
blackbody). Next, we give the temperatures of the MeKaL components kTi and kT 2 (in keV), and the ratio of their 
emission measures EM\/ 'EM 2 in the case of a 2T model; the blackbody temperature kT# (in keV) and normalization 
A B = 9.9 10 31 x (R/d) 2 with R and d the radius of the emitter and the distance, respectively; the power-law photon 
index T; and the column density A% (in cm~ 2 ). If not mentioned explicitly, TVh is kept fixed at 2.2 10 20 cm~ 2 . The 
last three columns give the unabsorbed flux F (in erg cm -2 s~ x ) and the countrate-to-flux conversion factor CF (in 
erg cm -2 s _1 per ct s _1 ), both in the 0.3-7 keV band, and the reduced chi-square x^/ n umber of degrees of freedom. 
Errors are l-cr errors. 



CX mod 


kTi 


kT 2 


EAh/EAh kT B A B 


r iV H 

X10 21 


F 

XlO -13 


CF 

XlO -12 


xS/dof 


1 2T 


u - ' a -0.09 


o 4 +u.4 


0.10 




1.59 


7.7 


1.32/25 


2T 
3 2T 


a.7±° .{ 


q O+0.4 
J - z -0.4 
q 9+O.5 
°- z -0.4 


0.11 
0.19 


5+ ' 8 


1.65 
1.06 


8.0 
7.4 


1.35/24 
0.74/17 


5 2T 




9 + 1.2 


0.25 




0.75 


7.4 


0.48/10 


6 2T 




1 7+O.6 
1 - 1 -0.3 


0.52 




0.41 


6.4 


0.77/5 


7 2T 
2T 


n 25+ - 06 

0.81+°f 


i nq+0-22 

9 q+1.7 

z -°-0.7 


0.39 
0.43 





0.32 
0.35 


4.7 
5.1 


0.71/10 
0.69/10 


9 2T 


o-s±8:i 


9 9+O.8 
z ' z -0.5 


0.34 




0.46 


7.0 


1.39/4 


10 2T 




9 n+2.6 

z - y -o.s 


0.53 




0.48 


7.0 


0.59/4 



2 B+P 






n 19 +U.U3 
u ' ±z -0.02 


0.4*g. 3 


1 8+ U '2 


q+2 

°-2 


6.70 


31 


1.15/25 


2T 


n cq+0.09 o+3 
u.oo_ 08 o_ 2 


0.10 








< 0.6 


1.88 


8.8 


1.34/25 


1T+B 


q+9 

y -3 




IT 1 " - 03 

u - ±o -0.02 


11 +0 ' 49 

u - 11 -0.09 




3+1 


4.30 


20 


1.20/25 


4 B+P 






11+ 002 

u - 11 -0.02 


3.8+f 5 7 


1 7+0.3 
1 - 1 -0.3 


10+1 


33.3 


230 


0.97/15 


1T+B 


7+23 
' -2 




11+ 003 


2A±?J 




wtl 


25.2 


174 


1.04/15 


8 P 










1 6 +0 ' 3 


4t 3 


1.12 


16 


0.40/7 


IT 


io±S* 










q+3 
■J-2 


1.06 


15 


0.39/7 



bottom frame of Fig. [3] for the power-law plus blackbody 
fit to CX 2. 

4.2. Hardness ratios and luminosities 

For sources without enough counts for a spectral fit, we 
can obtain spectral information by comparing the number 
of counts in different energy bands. To this end, we com- 
pute a hardness ratio HR = (H' - S')/(H' + S'), with 
5" and H' the counts between 0.5-1 and 1-7 keV, respec- 
tively, inside the source regions of the detections in the 
total band. Sources with soft spectra have HR < 0, while 
for hard sources HR > 0. The counts are corrected for 
vignetting with exposure maps, and for background. For 
sources without counts between 0.5-1 keV, HR = 1. If 
<7hr < 0.4, HR is included in Table □ Fig. H shows HR 
versus countrate in the total band. Arrows at HR < 1 in- 
dicate sources only detected in the soft band (0.3-2 keV); 
as this band partially includes the energy band used to es- 
timate H' , we can still compute HR for these two sources. 
Known (non-)members of M 67, and stars near the faint 
main sequence are mostly found on the "soft" side of the 
diagram, while the active galaxies, the cataclysmic vari- 
able and sources with faint blue or without counterparts 
tend to be harder. To give some idea of what hardness ra- 
tios should be expected for different spectra, we compute 
HR for: power laws (often used to describe the emission 
of active galaxies, typically the photon index T = 2); ther- 
mal bremsstrahlung and soft blackbodies (for the spectra 



of stellar X-ray sources like cataclysmic variables); MeKaL 
models (for coronal emission of active stars). We assume 
iVn = 2.2 10 20 cm~ 2 ; for the power law, we also show the 
effect of enhanced reddening by internal extinction. 

For the brightest M67 members, unabsorbed X-ray lu- 
minosities Lx (0.3-7 keV) are computed with the count- 
rate-to-flux conversion factors CF of Tabled We find that 
CF depends on HR: CF = (4.3(7) • HR + 6(2)) 10" 12 erg 
cm -2 s _1 per ct s . This result is based on the spec- 
tral fits for the coronal sources in M67 (except CX 10); as 
these sources are relatively hard, extrapolation to softer 
spectra may give systematic errors. CX 10 deviates from 
this fit, possibly because it is a blend of two sources (see 
Sect . 12. 31 . For members for which we did not perform spec- 
tral fits with a hr < 0.4 we use this relation to compute 
Lx; if <Jhr > 0.4, we use the average HR of members 
to compute a typical CF (5.6 10 -12 erg cm -2 s _1 per ct 
s _1 ). We assume a distance to M67 of 820 pc; the results 
are included in Table El 

4.3. X-ray variability 

With the CIAO-task lightcurve, we created light curves in 
the soft, hard and total band to look for brightness varia- 
tions of the X-ray sources within this 13-hour Chandra ob- 
servation. Counts were binned into 1-hour time intervals. 
The background countrate is determined for each CCD 
separately from a region on the chip where no sources are 
detected. The resulting light curves are tested for variabil- 
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Fig. 3. Spectral fits for the brightest sources. The full lines 
show the best fits, squares indicate the data. For CX 1, the 
2T MeKaL model is decomposed into the cool (kT±; thick 
line) and hot (kT^) components. For CX2, the power law 
(P) and blackbody (B) are shown separately. The lower 
panels show the residuals of the fit, normalized to the er- 
rors. 



ity using a x 2 -tcst. CXI (S 1063) and CX3 (S 1082) are 
thus found to be variable: the probabilities that their coun- 
trates are constant, are <0.4% in all energy bands. The 
light curves of the probable non-members CX 15 (S 972) 
and CX17 (S 1042) have probabilities <4% to be con- 
stant, in the total band. Their light curves are shown 
in Fig. [3 f° r comparison we also show the lightcurves 
of the bright non- variables CX2 and CX4. During the 
rise in countrate of CX3, there appears to be a small in- 
crease in spectral hardness. HR averaged over the first 
nine hours is 0.23 ± 0.06, while over the last four hours it 
is 0.49 ± 0.06. The hardening of CXI is only marginally 
significant (HR = 0.40 ± 0.05 over the first nine hours 
while HR = 0.52 ± 0.05 for the last four hours), while 
for CX15 the hardness ratios at the one bright point and 
averaged over the rest of the observation are compatible 
(HR = 0.5 ± 0.2 and 0.2 ± 0.1, respectively). The light 
curve of CX17 shows no significant spectral changes. 

The variations in the light curves of CX3 and CX 15, 
and the spectral hardening observed for at least CX3, re- 
semble the behaviour of a flare. In RS CVn binaries, flares 
are frequently observed. The possible flares in CX3 and 
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Fig. 4. Hardness ratio HR versus countrate in the to- 
tal band; arrows indicated sources only detected in the 
soft/hard band. Symbols are as in Fig. |2J in addition, 
sources with a faint counterpart in Table 21 or with a 
faint counterpart in Table without a B—V, or without 
an optical counterpart are indicated with small circles. 
Typical errors for different countrate levels are plotted on 
the right. We show the expected HR for different spec- 
tral models assuming Ah=2.2 1 20 cm -2 : a power law 
(PL) with r=l,2 and 4; thermal bremsstrahlung (BR) 
with fcT=l,3 and 20 keV; a blackbody (B) with fcT=0.03 
and 0.1 keV; a IT MeKaL model (IT) with fcT=0.2, 1 and 
3 keV. For the power law, we show the effect of enhanced 
reddening (AT H =1 10 22 cm -2 ). 



CX15 are poorly sampled; for CX3, the rise time is 1- 
2 h, while the decay time could be 2 h or more. These 
values are not uncommon for RS CVns. Also the peak lu- 
minosities, Lx ~ 2 and 1 10 31 erg s -1 (versus "quiescent" 
luminosities of 5 10 30 and 2 10 30 erg s" 1 ) of CX3 and 
CX 15 , respectively, are typical, see e.g. iFranciosini et all 
l|2003h . 

The spectral fits of Sect. 14. ll suggest that the variabil- 
ity of CX 1 is caused by a rise in temperature. This is as 
expected for coronal sources for which a flux increase usu- 
ally corresponds to an increase in temperature of the coro- 
nal plasma. It is not likely that a variation in Ann causes 
the variability. In a point source, less absorption tends to 
soften the spectrum and, if anything, the spectrum of CX 1 
at higher countrates is harder. It could be that the coun- 
trate/spectral variability of CX 1 is caused by a flare; flare 
rise times longer than the time span of this observation 
have been observed in RS CVn systems l)Osten fc Brownl 
Il999h . CX 1 also shows optical brightness variations that 
appear to be quasi-pe riodic on a period near 23 d (van den 
Berg et al., in prep.: Ivan den Berg et alJl2002l) that are 
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Fig. 5. Lightcurves (0.3-7 keV) of the variables and two 
bright non- variables. CX 1 (S 1063) and CX3 (S 1082) are 
cluster members, CX15 (S 972) and CX17 (S 1042) are 
probable non-members, and the membership of CX2 and 
CX4 is unknown. 
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Fig. 6. X-ray (0.1-2.4 keV) to optical flux ratio fx/fv 
versus V magnitude. Symbols are as in Fig. 01 The ranges 
of fx/fv expected for stars (the highest ratios are for 
K(e) and M(e) stars in flaring states), white dwarfs (wd) 
and hot emission-line stars (es) including cataclysmic 
variables, and active galaxies are indicated on the right 
l|Krautter et aljfl999(l . For sources without optical coun- 
terparts we indicate a lower limit to fx/fv assuming 
V = 23 which is the approximate limit of the EIS image 
(dotted line). For comparison with the ROSAT sources 
from Krautter et al., we have converted our 0.3-7 keV 
fluxes to the 0.1-2.4 keV band using the fits of Sect. 14.11 
for CX 1-10. For the other sources, we used a power law 
with r=2 (for faint blue sources and galaxies), and an 
average conversion factor based on the coronal fits from 
Sect. 14. ll (for the remaining sources). 



however not yet understood. The observed full amplitude 
AV w 0.15 — 0.20 mag, which corresponds to a flux in- 
crease in V of a factor sal. 2. The variation observed in this 
Chandra observation is larger, viz. a factor w4 difference 
between the start and end of the observation. Since the 
optical variability is not periodic, and since no simultane- 
ous optical and X-ray data are available, it is not possible 
to phase the X-ray and optical variations. CX 1 was also 
found to be varia ble between the two ROSAT observations 
by a factor wl.7 l|Belloni et al.lll99S|) . 



5. Results 

We now discuss individual X-ray sources in more detail. In 
Sect. 15.11 we estimate the number of background objects 
among our sources. Sect. 15.21 deals with sources already 
detected by ROSAT, while new sources are discussed in 
Sect. EH 



5.1. Background sources 

We use the log N — log S distribution of X-ray background 
sources as derived from the Chandra Deep Field South 
I Camnana et alJ l200lt iMoretti et all 120021) to estimate 
that, between 0.5-2 keV, we expect to detect ~40 ex- 
tragalactic sources within 8' of the ACIS aimpoint (A. 
Morctti, priv. comm.). In the corresponding field, we actu- 
ally detect 97 sources between 0.3-2 keV: 28 members and 
non-members, 9 sources near the lower main sequence, 24 
faint blue sources, and 36 sources without counterparts 
in any of the catalogues searched. We expect that most 
background objects are in the last two groups; in fact, 3 
faint blue sources are active galaxies and some faint coun- 
terparts of Table0]look extended. Fig.0]shows that most 
sources in these groups have relatively hard spectra as 
expected for active galaxies, although we cannot exclude 
that some are spectrally hard galactic sources. Similarly, 
the ratios of their X-ray and optical fluxes are consistent 
with those of active galaxies, white dwarfs or cataclysmic 
variables, and very active K or M dwarfs (see Fig.EJ. 
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5.2. Known X-ray sources 

Here we discuss known X-ray sources for which we can 
provide n ew informatio n . Of t he 25 cluster members de- 
tected bv iBelloni et al.1 (^998), sixteen were re-detected, 
and five were outside the ACIS field (S 628, S 364, S 1112, 
S 1113, and the hot white dwarf that was located between 
CCDs 10 and 12). In addition, CX21/X49, CX20/X43, 
CX68/X44 and CX111/X46, that were identified with 
the wide binary S760, the single members S 1270 and 
S 775, and the member S 1027, are now identified with 
a faint blue source, with a galaxy with the non-member 
S 2214 and with the member S 1024, respectively. 

5.2.1. RS CVn binaries 

All active circular binaries wi th P nr h < 10 d, and th e 
active eccentric binary S 1242 llyan den Berg et aflll999lL 
were re-detected by Chandra. lB^n^rn*^r^d1 ~ ijl998j) sug- 
gested that these sources are similar to the RS CVn bi- 
naries, and that their X-rays result from rapid rotation 
induced by strong tidal forces. Preliminary orbital peri- 
ods of ~1 d were recently derived for S 1019 (CX5) and 
S 1077 (CX 10), which suggests they are also RS CVn bi- 
naries (D. Latham, priv. comm.). The spectral fits for 
S 999, S 1019 and S 1077 give temperatures similar to those 
typically found for field RS CVns using ROSAT (0.1-2.4 
keV) data, v iz. a hot and cool com ponent of kT « 2.2 
and 0.3 keV IjDempsev et al 1 ll993blh The low-energy cut- 
off of our data (0.35 keV) may explain the temperature 
difference of the cool components. We find a new coun- 
terpart for X46/CX111, viz. S 1024 with P or b=7.2 d; the 
former counterpart was S 1027. S 1024 is a circular double- 
lined spectroscopic binary composed of two nearly identi- 
cal stars of M = 1.18 and V = 13.4 that could both 
contribute to the X-rays l|Mathieu et al.lll990(l . 

5.2.2. Peculiar X-ray sources 

IBelloni et alJ l|l998j) detected several bright members for 
which the X-ray emission is not well understood, viz. the 
blue and yellow stragglers S 1040 (a giant and a cool white 
dwarf), S 1072 and S1237 with orbits that are too wide 
for strong tidal interaction; the blue straggler S 1082; and 
the eccentric binary S 1063 with a sub-subgiant that lies 
~1 mag below the giant branch. 

With the results of Sects. 14.11 and 14.31 we can say 

more on the X-rays of three systems. The close binary 
that was recently spectro scopically identified in S 1082 
ijvan den Berg et all l200lj) could be an RSCVn system 
and thus be the source of the X-ray emission. The X- 
ray spectrum, and the variability in the light curve, are 
indeed consistent with coronal activity. The spectra of 
S 1040 and S 1063, fo r which chromosphe r ic act ivity fea- 
tures were found by Ivan den Berg et al ] lll999h . can be 
fitted by coronal models as well. However, the nature of 
the variability of S 1063 remains unclear. 
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Fig. 7. PSPC (0.4-2.4 keV) versus ACIS (0.3-7 keV) 
countrates of known X-ray sources. Symbols are as in 
Fig. 0] For ROSAT sources that are identified with two 
Chandra sources, we plot the Chandra countrate of the 
brightest source, while a vertical arrow indicates the sum 
of both countrates. The two new Chandra sources and 
possible variables CX2 and CX12, and the cataclysmic 
variable EU Cnc (CX 57) are also indicated. 

5.2.3. Non-members and possible members 

The probable non-members S 972 (C X15), S 1042 (CX17J 
and S1601 (CX 7) were re-detected. IBelloni et all l|l998ji 
considered the brighter of two possible counterparts for 
X44/CX48 (the single member S775) as the most proba- 
ble counterpart. We now find that the other star, S 2214, is 
the X-ray source. Probably, these late-type stars are coro- 
nal sources: the spectrum of S 1601 can be well fitted with 
a MeKaL model, and the hardness ratios of the other three 
are consistent with coronal emission. S 972 was recently 
found to have P OI b — 1.2 d (D. Latham priv. comm.), and 
is thus an RS CVn system. The light curves of S 972 and 
S 1042 show indications of variability (see Sect. 14. 3|) . pos- 
sibly due to flares. S 1042 was also found to be variable by 
IBelloni et ahl <|l99S|) . Fig.0 that compares PSPC (0.4-2.4 
keV) and ACIS (0.3-7 keV) countrates of sources detected 
by both instruments, suggests that it also changed bright- 
ness between the present and the ROSAT observations. 

5.2.4. The cataclysmic variable EU Cnc 

The cataclysmic variable EU Cnc (CX 57) was detected 
by ROSAT only below 0.4 keV. From Fig. □ (in which 
CX57 is plotted below the PSPC detection limit at log 
(countrate) = —3.3 for clarity), we indeed estimate that 
its Chandra countrate corresponds to an expected PSPC 
countrate between 0.4-2.4 keV near the detection limit. 
We find a relatively high hardness ratio. The combina- 
tion of a hard and soft spectral component is often seen 
in cataclysmic variables where the white dwarf has a 
high magnetic field (i.e. polars), as is probably the case 
in EU Cnc; the hard X-rays are believed to come from 
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(B-V) 

Fig. 8. X-ray luminosity (0.1-2.4 keV) normalized to the 
bolometric luminosity versus (B — V)o for (mainly) field 
contact binaries (filled circles) and for those in M 6 7 (dia- 
monds). Figure adapted from IStepieri et all l)200l|) . 



shocks in the accretion stream while the soft X-rays come 
from th e heated surface of th e white dwar f (for referen- 
ces, se e iKuulkers et all 12003^1 . We refer to iBelloni et all 
(1998) for more details on EU Cnc. Assuming a thermal- 
bremstrahlung model, we estimate that Lx ~ 5 10 29 erg 
s- 1 (0.3-7 keV). 

5.3. New X-ray sources 

Of the 25 proper-motion cluster members detected by 
Chandra, ten are new sources that are discussed in 
Sects. 15.3.11 to 15.3.41 We discuss sources that we suspect 
to be close active binaries in M67 in Sect. 15.3.51 a new 
bright and variable source in Sect. 15.3.61 and probable 
non-members in Sect. 15.3.71 

5.3.1. The contact binaries S757 and ETCnc 

With the detection of S 757 (CX23) and ETCnc (CX61) 
all four known contact binaries in M 67 are now detected 
in X-rays. While S 757 is a proper-motion cluster mem- 
ber, no proper motion has been measured for the faint 
system ET Cnc. If it is located at the distance of M 67, it 
lies on the My-colour-period relation for contac t binaries 
and t herefore it probably belongs to the cluster l|Rucinskil 
Il998|) . The X-rays of contact binaries are believed to re- 
sult from coronal activity around the rapidly rotating stars 
in the binary. Fig. [S] shows that Lx/Lboi of the systems 
in M67 is comparable to that of other contact binaries 
of similar colours, i.e. several times lower than the maxi- 
mum X-ray emission (logLx/Lboi ~ — 3) of active single 
or detached binary stars (see St§pieh et al. 2001). 

5.3.2. RS CVn binaries 

Five new sources are identified with binaries in M 67 
with P orb < 12 d. The circular orbits of S 1009 (CX78) 



and S986 (CX157) indicate that tidal interaction is tak- 
ing place; the X-rays are then expected to be due to 
rapid synchronous rotation. S 1009 (P or b = 5.95 d) lies 
~lmag below the main-sequence turnoff 1 Latham et alJ 
Olil- S986 fP„ r b = 10.3 d) is also a spectroscopic binary 
near the turnoff j Mathie u et al.lll990|) , that shows eclipses 
l|Sandauist fc Shetronell2003[) . The secondary hardly con- 
tribut es to the optical flux, but ISandauist fc Shetrond 
( 200^) recently discovered a third component in the spec- 
trum; it is not clear whether this star is physically bound 
to the binary. Their decomposition puts the primary to the 
blue of the turnoff, which makes it a possible blue strag- 
gler. S 1272 (CX 155) is an eccentric binary (e = 0.26) with 
a prim ary that just left the main sequence ( Mathieu et alJ 
1990). Possibly, tidal interaction started when the primary 
began to expand, and since synchronization is achieved 
before circularization, the primary could already be spun 
up (t he pseudo-synchronous rotation period is 7.9 d (Hut 
I1981I) V S996 (CX91) and S 773 (CX72) have preliminary 
orbital periods of 6.7 and 5.7 d, respectively, (D. Latham, 
priv. comm.) which suggest they are RS CVn binaries, 
too. As S 996 was consi dered as a possible counte rpart 
of X16 ( , CX57/EUCnc). IPasauini fc Bellonil lll998h took 
low-resolution optical spectra of this star, but no activity 
features were found. 

While our active binaries show a spectral hardening 
with increasing brightness (Fig. X-ray sources in the 
Pleiades (a ^100 Myr open cluster) show an inverse trend. 
In the Pleiades, this effect is mainly due to the early spec- 
tral types of the X-ray brightes t members, whose soft X- 
rays may be different in nature l|Daniel et aLlbOo"^ . If we 
disregard these early-type sources, no strong dependence 
of countrate and hardness ratio is seen in the Pleiades. 

Fig. [5] shows the X-ray luminosities of all binaries in 
M67 versus orbital period; arrows indicate the pseudo- 
synchronous rotation periods of S 1242 and S 1272 (note 
that the object near the arrowhead of S 1242 is S1009). 
When studying activity-rotation relations, Lx is often nor- 
malized to the bolometric luminosity. Since in some of our 
binaries and triples more than one star contribute to the 
X-ray and/or optical flux, we make no attempt to do this 
to avoid introducing errors. However, in Fig. OH we do in- 
dicate whether a system is brighter or fainter than the 
main-sequence turnoff around V = 13. 

Unlike iDempsev et all l|l993al Il997[) and 
IPallavicini et alJ |l98l|i who found no correlation 
between Lx and P or b of active binaries using Einstein 
and ROSAT All Sky Survey data, respectively, our data 
suggest a decrease of Lx with increasing P or b for periods 
< 12 d for which we expect that the rotation period 
equals the orbital period 3 . The difference may be due 



3 A linear fit including the confirmed M 67 members but ex- 
cluding the peculiar systems of Sects. IB~2.2l and 15.3.31 and as- 
suming <tl x =50 %, gives log Lx oc —1.9(2) xlog P or b and a cor- 
relation coefficient of -0.75; for S 1242 and S 1272, we assumed 
pseudo-synchronous rotation. If we exclude S 999 and use the 
quiescent Lx of S 1082, we find log Lx oc —2.3(2) x log P orb and 
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Fig. 9. Orbital period versus X-ray luminosity (0.3-7 keV) 
of M67 binaries in the ACIS field. Filled (open) sym- 
bols are detections (upper limits), plusses are detected 
suspected binaries in M67 (CX15, CX58, CX141). The 
shape of the symbols indicate the magnitude and eccen- 
tricity. The peculiar binaries of Sects. I5~2.2I and T5. 3. 31 are 
plotted in gray. Individual sources discussed in the text 
are labelled. Upper limits are estimated by looking for 
the faintest source as a function of distance from the aim- 
point. We estimate that at 0'-6', 6'-9' and 9'-ll'from the 
aimpoint, the limiting Lx for a coronal source in M67 is 
-2.1 10 28 , 5.5 10 28 and 1.3 1 29 erg s^ 1 . The average L x 
is plotted for the variables, but luminosity ranges are in- 
dicated. The fits of logLx to logP rb including S999 (full 
line), and excluding S999 and using the "quiescent" Lx 
of S 1082 (dotted line) are shown. 



to the fact that our sample is homogeneous in age: old 
enough that all binaries out to ~12 d are synchronous, 
and that no stars are ro t ating rapidl y without tidal 
interaction. iDempsev et al ] lll993alll997h emphasize that 
their sample of almost 200 act ive binaries, taken from the 
Catalogue of Active Binaries l|Strassmeier et al1ll993j) . is 
not necessarily homogeneous but instead also contains 
systems that may not be true RS CVns. 

We note that S 999 is considerably above the ob- 
served general trend, being —100 times brighter than 
S 986, which has similar photometric and orbital proper- 
ties. Since Fig. [7| suggests no large variation in the coun- 
trate of S999, a flare may not explain the relatively high 
luminosity. 



a correlation coefficient of -0.95. We note that this relation is 
similar to the log Lx oc 21og(t;sin i ) rela tion found for single 
late- type stars bv lPallavicini et al] Jl98lT) . 



5.3.3. The eccentric long-period blue straggler S997 

S 997 (CX 95) is a blue straggler in an eccentric orbit of 
4913 d. The primary has T f a » 6600 K and vsmi « 20 
km s " 1 l|Latham fc Milonel tl996l IShetrone fc Sandouistl 
l2000l) . In normal late-type stars the combination of X-ray 
activity and such a high i>sini is not unusual, but other 
M 67 blue stragglers with similar T e s and v sin z > 20 km 
s _1 (S975, S1195) are not detected in X-rays. The ec- 
centric orbit suggests that no strong tidal interaction is 
taking place; moreover, the orbit is too wide for rapid syn- 
chronous rotation of a possible late-type secondary. Like 
for the other detected blue and yellow stragglers with wide 
eccentric orbits (S 1072, S 1237), we do not understand the 
X-rays of S 997. Possibly, like S 1082, it contains a close bi- 
nary that so far went undetected because it is faint or has 
spectral lines that are broadened by rotation. 

5.3.4. Other members 

S 1281 (CX94) shows no radial- velocity variations 
in six observations spanning 3923 days (D. Latham, 
priv. co mm.). This star is marked as a possible blue strag- 
gler bv ISandauistl fcOOfl . S 1050 (CX104) shows radial- 
velocity variations that suggest an orbital period longer 
than 12 d (D.Latham, priv. comm.). If both stars are in- 
deed single or long-period binaries, their X-rays are still 
unexplained. 

S 1203 (CX67) has never been investigated for bina- 
rity. It lies somewhat abo ve the main sequence, an d could 
be a photometric binary l|Montgomerv et alJ ll9931. 

5.3.5. Sources near the main sequence 

The optical counterparts of twelve new sources lie near the 
lower end of the M 67 main sequence. These sources likely 
belong to M 67; large contamination from foreground or 
background stars is not expected since M67 has a high 
galactic latitude (b — 32°). The hardness ratios of many 
are compatible with coronal emission (see Fig.HJ). Fig. 1101 
which is an extended version of Fig. 4 in iBelloni et alJ 



(1998), shows that if these sources are cluster members, 
their X-ray luminosities are comparable to those of field 
active binaries with late-type main-sequence primaries. 
The counterparts are too faint to be included in proper- 
motion or radial-velocity studies, but for some we have 
additional photometric inform ation. CX58 is a sta r on 
the binary sequence, for which Istassun et all l|2002l) de- 
rive a photometric period of P p h— 3 .58 d (their star 2703) . 
CX141 is EYCnc with P ph = 8.4 d (|Gilliland et alJll99l|i . 
We suggest that these stars are active binaries in which 
spots on the surface of the active star cause the brightness 
variations. In that picture, the photometric period is the 
rotation period, which for sync hronous rotation equals the 
orbital period. Other stars that lMonteomerv et alJ l|l993h 
note to be on the binary sequence are CX 76, CX 77 and 
CX153. C X 76 shows brightnes s variations, but no period 
was found l|Stassun et al.ll2002l their star 3348). 
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Fig. 10. Colour-magnitude diagram with field RS CVns 
from iDemnsev et all ( 1993ai Il997t open circles) . Active 



binaries in M67 are filled circles; filled squares are the 
candidate members of Sect. 15.3.51 The peculiar binaries 
of Sects. 15.2.21 and 15.3.31 are shown as large x symbols, 
the suspected binaries in M67 (CX15, CX58, CX141) as 
large + symbols. Black (gray) symbols are new (known) 
X-ray sources. The size of the symbol indicates the X- 
ray luminosity. Photometry of M 67 stars is corrected for 
reddening and distance modulus. For referen ce, we also 
show an isochrone with the age of M67 (4 Gvr. lPols et alJ 
119981) . 



5.3.6. The bright new source CX2/E510 

CX 2 is a new bright source with a faint (V « 21) blue op- 
tical counterpart, source 510 in the EIS list. It is not clear 
whether E 510 belongs to M 67, or is instead a background 
star or galaxy. From Fig. we estimate that Chandra 
sources with a countrate comparable to that of CX 2 would 
have been easily detected by ROSAT. We conclude that 
CX2 must have brightened at least an order of magni- 
tude since the time when the ROSAT observations were 
taken (1991, 1993). The spectrum of CX2 has a hard and 
soft component; the JVh is higher than the value for M67 
and is therefore likely to be intrinsic. Like EU Cnc (CX 57) 
it could be a magnetic cataclysmic variable. If CX2 be- 
longs to M67, we find L x «5 10 31 erg s^ 1 (0.3-7 keV) 
which is inside the observed range for cataclysmic vari- 
ables. However, we find a blackbody temperature (~120 
eV) that is on the high side for polars, that have typi- 
cal soft components of 30-100 eV. The ratio of the typ- 
ical size of the X-ray emission area R and the distance, 
as derived from the normalization of the blackbody, is 
6.0 10~ 17 , which for the distance of M67 is quite small 
(R = 1.5 km) for a white dwarf. To check if CX2 could 



be a binary in M 67 with a neutron star or a black hole, 
we compare its X-ray luminosity with those of low-mass 
X-ray binaries in quiescence. These sources are believed 
to emit X-rays due to thermal emission from the cool- 
ing neutron star surface and /or due to low- level accretion 
from a low-mass secondary. iGarcia et al.l l|200lh give Lx 
normalized to the Eddington luminosity LEdd, for both 
neutron-star and black-hole systems. For CX2, we find 
log(Lx / Lftdd) ~ —6.6 assuming CX2 contains a 1.4 M 
neutron star, and \og(Lx / L-^dd) ~ —7.3 assuming a 7 
Mq black hole; the upper limits from the ROSAT detec- 
tion are ten times lower. Comparison with Fig. 1 from 
IGarcia et al.l l)200l|) shows that these luminosity ranges 
are in agreement with systems containing a black hole, 
while all neutron-star systems but one (the milli-second 
pulsar SAX J1808-365) are brighter. The X-ray spectra of 
quiescent black-hole low-mass X-r ay binaries can be well 
fitted by power laws with r w 2 ( Kong et alJl2002^ . but 
excess soft emission as we find for CX2 is not reported 
in the ( mostly faint with < 150 counts) Chandra spectra 
fitted bv lKong et all {2002). If CX 2 lies beyond M 67, L x 
increases accordingly allowing the possibility of a neutron- 
star system. Note that, in either case, the luminosity vari- 
ation between the ROSAT and Chandra observations also 
needs to be explained. Clearly, more information is needed 
to establish the nature of this system. 

We note that we detected CX2 in archival XMM- 
Newton observations taken on 2001 October 21, almost 
five months after our Chandra observation. Preliminary 
analysis of the EPIC-pn spectrum (~200 source counts) 
shows that its flux has decreased to about 75% of the flux 
level during the Chandra observations. Here we assumed 
the parameters of the best-fit spectrum in Table 

Another possible variable source with a faint counter- 
part is CX 12, that has a hard spectrum (see Fig. EJ. 

5.3.7. Probable non-members 

CX 109 and CX 118 are the probable non-members S 1466 
and S 1013, respectively, whose photometry places them 
among the blue stragglers of M 67. A deviant proper mo- 
tion could be due to a close encounter that created a blue 
straggler, as suggested for S 1466 by Landsman et al. 1998. 
If they are foreground dwarfs, Lx ~ 1-2 10 28 erg s _1 ; 
if they are background giants, Lx ~ 2-4 1 29 erg s" 1 . 
This is inside the observed range fo r early-F dwarfs / giants 
l|Schmittlll997llMaggio et alJll99flt . Neither star has been 
investigated for binarity. S 1466 wa s also detected in ul- 
traviolet bv lLandsman et all (|l998l) : its 1520 A- V colour 
suggests it is an A 8 star (W. Landsman, priv. comm.), 
only slightly hotter than the F 0-type derived from its 
B — V. 



6. Summary and conclusions 

We detected 25 cluster members, including ten new 
sources. Most of these members are binaries, which is not 
unexpected as old single stars are faint in X-rays. Almost 
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all binaries with P or b< 12 d in the ACIS field of view are 
detected (Fig. 0) ; their X-ray luminosities decrease with 
increasing orbital period. For detached binaries with main- 
sequence or subgiant primaries, this period corresponds to 
the period where the transition from circ ularized to ec- 
centr ic orbits occurs in M67 (P cu t = 12 d, lLatham et alJ 
Il992f) . The detection of most binaries with P or b < P cu t 
is therefore consistent with the explanation of their X- 
rays: the activity is enhanced by rapid synchronous rota- 
tion. Two binaries with P or b < Pcut are not detected. For 
S810 (P or b=10.2 d) this could be due to the high upper 
limit for L X - S 1284 (P orb =4.2 d) is a binary of a late-A 
blue straggler while the lower limit on the secondary mass 
is compatible with a wh ite dwarf and a late- type dwarf 
^Milone fe Latham! [l99^ . The eccentric orbit (e = 0.21) 
indicates that strong tidal interaction is not taking place. 

Surprisingly, we detected one cluster member, S 1281, 
that shows no radial-velocity variations. Also the detec- 
tion of the systems with P or b S> 12 d, in which strong 
tidal interaction is not expected, remains a mystery. Our 
spectral fits indicate that the X-rays of the sub-subgiant 
S 1063 and the giant plus white dwarf S 1040, are coronal. 

The twelve X-ray sources near the main sequence are 
candidates for being close binaries, but their membership 
and binary status should be established by spectroscopy. 
We also detected a group of sources with optically faint 
blue counterparts, including a new bright source that must 
have brightened at least ten times since the time of the 
ROSAT observations. While we expect that most of them 
are background sources, some could be interacting binaries 
in M 67. 
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Table 1. X-ray sources in the field of M67 detected by Chandra. For each source we list the Chandra number, 
the distance from the aimpoint, the celestial position (J 2000) derived from the image in the total energy band, the 
number of background-corrected counts in the total energy band derived by wavdetect, the net countrate (i.e. corrected 
for background counts and for vignetting) in the total band, the energy band B in which the detection has the highest 
significance (S=0.3— 2 keV, H=2— 7 k eV, T=0.3— 7 keV), and the hardness ratio HR (if ohr < 0.4). If appropriate, we 
also give the ROSAT counterpart 'X' ijBelloni et al.lll998j) . the optical counterpart 'opt', and the distance dxo between 
the Chandra a nd the optical sou rce. The name of the optical c ounterpart is sele cted from (in order of preference) : 
ISanderd l|l977() (S), the EIS list of lMomanv et all l)200ll) (E), and lFan et all l|l996j) (F). Sources that are identified by 
eye with objects listed in neither catalogue are labelled with 'faint' (see Table QJ. 
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* Source is detected with the significance threshold set to 10~ 6 but not with the threshold set to 10~ 7 

** All positions are corrected for a systematic offset with respect to the EIS optical positions which is Aa = ax — a op t = — 0'.'23 
and AS = Sx — S op t = — 0'.'20. The errors on the positions that we give here are the 1-a wavdetect errors including the corrections 
for small counts numbers. They are often much smaller than the uncertainty in the absolute positions, i.e. than the uncertainty 
in the offset values (~0'.'3). 
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Notes on individual sources: 

a For sources CX 148 and CX 149, and for CX 146, CX 147 and CX 150-158, that were only detected in the hard and soft band 
respectively, the count (rate)s refer to the hard and soft band. 

CX 54: properties may be affected by bad pixel region. 
c CX4, CX13, CX54: identification with ROSAT source is uncertain. 

d CX6, CX24, CX47, CX139, CX141: the optical counterparts are not included in the EIS catalogue, or (for S 1237) the 
EIS position is clearly offset from the centre of the optical source. For these sources, cfox is the distance between the optical 
position from Fan et al., and the X-ray position (corrected for the systematic offset with respect to the Fan et al. catalogue: 
Aq =0'.'11±0'.'35, AS =0'.'23±0'.'29). 

e CX46: besides the faint counterpart, two optical sources lie inside the source region but further away from the X-ray source: 
E 1243 at 4'.'2, and S 778 at 3'.'7. 

f CX30, CX34, CX35, CX54: ACIS-S sources; optical counterpart only found when we use 2-a wavdetect errors. For CX30 
and CX 35 the counterpart is only found for the total-band source. For CX 34 and CX 54 the counterpart is only found for the 
soft source; therefore, dxo refers to the distance between the optical source and the soft source. 

9 CX26, CX50, CX80: ACIS-S sources; optical counterpart only found when we use 3-cr wavdetect errors. For CX50 and CX80 
the counterpart is only found for the soft source, therefore, dxo refers to the distance between the optical source and the soft 
source. 

h CX32, CX45, CX53, CX62, CX67, CX73, CX86, CX129, CX149, CX152, CX155: optical counterpart lies outside errorbox 
but inside the source region (we only indicate cases for which dox < 4"). 

Table 4. Positions of faint optical counterparts as estimated from the EIS image. We give the Chandra identification 
(CX) and, if appropriate, the corresponding ROSAT identification (X). For ROSAT sources, we indicate in the last 
column whether the present counterpart is new (N). The '?' marks an identification that is uncertain because of a 
relatively large offset between the Chandra and ROSAT position; see the discussion in Sect. \'6.'2\ 



CX X a?j2ooo <5j2ooo 

( h r, s ) ("/,") 

4 15? 8 50 57.10 11 46 07.7 N 

8 32 8 51 27.12 11 55 24.5 N 

39 8 51 08.94 11 50 43.8 

43 8 51 55.77 11 50 44.8 

46 8 50 53.37 11 49 43.9 

63 8 51 25.39 11 57 47.1 

69 8 51 09.43 11 49 01.6 

74 8 51 15.86 11 48 37.2 

98 8 51 11.09 11 45 35.9 

102 8 51 28.60 11 52 53.3 

120 53 8 51 31.82 11 45 43.8 

124 8 51 53.80 11 53 41.2 

136 8 50 55.67 11 48 40.5 

145 8 51 12.90 11 47 40.4 

147 8 52 18.10 11 46 18.7 



